Building construction, operation and maintenance altogether account for nearly a third of global carbon emissions. In Hong Kong, buildings contribute to 90% of electricity consumption and 60% of greenhouse gas emissions. Energy efficient building has emerged as an effective approach to reducing energy consumption and carbon emissions. This paper aims to estimate the energy saving potential of different energy efficient measures for office buildings which are an important sector of commercial buildings in Hong Kong. The energy efficient measures were identified using a four-tier framework covering building envelope, building services, renewable energy and human behaviour. The potentials of the measures in reducing energy consumption were estimated using eQUEST Software. The results show that building services and building envelope are the main areas to be addressed for achieving energy efficient office building design. The use of more efficient HVAC systems and low-emissivity windows are revealed as most favored measures for reducing energy consumption of office buildings in Hong Kong. The findings should inform low energy building design in hot and humid subtropical urban environments.
INTRODUCTION
Climate change has imposed remarkable problems and significant risks worldwide. Along with the fast urbanization and industrialization, more CO 2 , N 2 O and other greenhouse gases (GHG) are discharged to the atmosphere directly. According to Intergovernmental Panel on Climate Change (IPCC, 2007) , building construction, operation and maintenance together account for 40% energy sources and lead to 36% energy related carbon emissions in industrialized countries, with generating enormous quantities of waste. In the European Union and the United States, energy consumption of buildings even exceeds that of industrial production and transportation (Juan et al., 2010) . In Hong Kong, buildings contribute to 90% of the electricity consumption and 60% of the GHG emissions (EMSD and EPD, 2011) .
Building industry is treated as the main contributor to carbon emissions, while significantly increasing building energy efficiency can be achieved by different energy efficient measures (EEMs).
Building performance simulation (BPS) is often used to facilitate building performance evaluation and support decision making in the selection of energy efficient measures. There has been plenty of research on the evaluation of building performance in the context of Hong Kong, which developed different building energy models for scenarios analysis. For example, Wan and Yik (2004) proposed a flat model comprising a living and dining room model and a bedroom model. Wang and Xu (2006) developed a building level energy model, by which the physically described simplified models of building envelope and a partially data-driven model of the internal mass are combined to predict the energy consumption of buildings. Also, there exist a wide range of energy simulation programs in the market, e.g. DOE-2, eQUEST, EnergyPlus and BLAST, which are often adopted in building energy research. For instance, Chow and Fong (2006) used BLAST to simulate the energy use in various types of buildings in Hong Kong, including single compartment, industrial buildings and commercial buildings. Yu and Chow (2007) adopted TRACE 600 to justify the correlation relationships between the building envelope heat gain and the electrical energy use for mechanical ventilation and air-conditioning (MVAC) system. Despite the previous building energy studies in Hong Kong, there is still a lack of research into office buildings which are an important sector of commercial buildings in reducing building energy consumption. Buildings in such sector appear to be a good target to test the feasibility of using different building EEMs in order to deliver energy-efficient buildings on a large scale.
With the research background outlined above, this paper aims to estimate the energy saving potential of different EEMs drawing on a systems approach. In this paper, the eQUEST Software (Version 3.64 which was released in August 2010) is selected for building energy use analysis, because it is easy-to-use and provides high quality results by combining a building creation wizard, an energy efficiency wizard and a graphical results display module with an enhanced DOE-2.2-derived building energy use simulation program. It offers energy cost estimating, delighting and lighting system control, and the implementation of different EEMs into baseline building model, which is a great help in analyzing the performance of EEMs.
The paper is organized as follows: in Section 2, a four-tier EEMs framework including building envelope (BE), building services (BS), renewable energy (RE) and human behavior (HB) is used to identify the measures which can improve the energy performance of buildings in Hong Kong. In Section 3, a baseline building model is developed for building performance simulation using eQUEST. The simulation and results of the building model are presented in Section 4, followed by the conclusions.
FOUR-TIER EEM FRAMEWORK
There are a bunch of EEMs which are effective in reducing the primary energy consumption of buildings. Different organizations develop their framework to identify the possible measures to control their building energy use. For instance, The Chartered Institution of Building Services Engineers (CIBSE) has provided the key factors influencing building energy use, around a three-tier structure consisting of building services factors, building envelope factors and human factors (CIBSE, 2012) . In each tier, some factors are identified which influence the energy performance. In addition to the internal factors, climate is regarded as the external factors. The framework provided by CIBSE has been verified by many researchers focusing on building envelope design and building services design. For instance, Li and Tsang (2008) analyzed the relationship between building envelope design and the effectiveness of lighting controls using a lighting simulation program. Their results indicated that about 25% of total electric lighting use can be saved by proper building envelope day lighting design. Another example is the research carried out by Niu et al. (2002) , in which an HVAC system combining chilled-ceiling with desiccant cooling was proposed for hot and humid climates just like it in Hong Kong. The system was supposed to save up to 44% of primary energy use as compared with the traditional constant fan volume air HVAC system. The use of EEMs can be critical in saving energy for buildings: by applying different measures to the building, the energy performance varies significantly.
The framework suggested by CIBSE focuses on the how to reduce the energy demand of buildings, while the effort on the supply side of energy can reduce the electricity demand too, e.g. the use of solar water heating system to reduce the heating electricity consumption. There is a growing interest in integrating renewable energy technologies in buildings: particularly with the concept of zero carbon building (ZCB) being widely promoted, more and more research focuses on the use of renewable energy in buildings properly. The UK government's agenda to deliver ZCB from 2016 is one of the world's most ambitious programs in terms of renewable energy utilization. In Hong Kong, the application of renewable energy systems especially solar-based systems in buildings has become widespread. The installation of a PV ventilated window to an office building has been carried out by Chow et al. (2007) . Their results show that a solar cell transmittance in the range of 0.45-0.55 could achieve the best electricity savings. The use of renewable energy is another measure to improve the building energy performance and reduce the climate impacts. For office buildings in Hong Kong, they have certain advantages over other types of buildings in applying different EEMs because of the less limitation and the willingness of the tenants to use energy efficient office space.
Drawing on the literature review above, a four-tier EEMs framework ( Figure  1 )is proposed for the study, which covers 1) building envelop (BE); 2) building services (BS); 3) renewable energy (RE); and 4) human behavior (HB).
Figure 1. The four-tier EEM framework
For the EEMs to be considered in the four-tier framework, the key components, which have been proved to have great influence on the building energy performance, will be tested in the simulation process. Presented in the following sections are preliminary results of the examination of the potential of EEMs around the four tiers in reducing energy consumption of office buildings in Hong Kong.
BASELINE BUILDING AND SIMULATION
The baseline building provided by the Electrical and Mechanical Services Department (EMSD) of the HK SAR government is used as a sample of overall thermal transfer value (OTTV) calculations as a typical commercial building in Hong Kong. In the provided baseline building the construction features of the building envelope are specified, which are used for analysis reported in this paper. Regarding the HVAC systems, lighting system and office operation schedule, the analysis draws on the parameters and specifications examined in the study by Yu and Chow (2001) . In detail, Yu and Chow (2001) investigated 20 commercial buildings in Hong Kong and compared the information of building envelope, operating system, space limitation, hours of operation etc. Such information is regarded representative of commercial buildings in Hong Kong. The detailed information on and parameters of the baseline building used for this research are summarized in Table 1 . 
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The baseline-building model is then developed using the eQUEST Software. Using the 3D-View, a function provided in eQUEST, the aspect of the baseline building can be viewed at a direct way as is shown in Figure 2 .
Figure 2. Baseline building surface
Electricity is the only energy considered in baseline building. By running the building simulation process, the annual energy consumption of the baseline building is estimated as 3.1353GWh. The energy consumption pattern including area lighting, space cooling, water heating, ventilation fans and miscellaneous equipment for baseline building is shown in Figure 3 .
Figure 3. Energy consumption pattern
According to the Hong Kong electricity end use data published by EMSD (2011), the main contributor of energy consumption of office buildings in Hong Kong is space conditioning. 54% of the energy was used for cooling in 2011. For the rest of the energy, there was no significant second largest contributor. Lighting (14%), office equipment (13%) and other systems (19%) containing audio visual, cooking, hot water & refrigeration and miscellaneous equipment had similar shares of the total energy use. In the simulation, the shares are estimated as space cooling (49%), lighting (20%), and other systems (31%) including the office equipment consumption. The simulation results are quite consistent with the energy use of office buildings in practice in Hong Kong (as published by the EMSD in 2012).
EXAMINATION OF ENERGY SAVING POTENTIAL OF EEMS
With the baseline building model (detailed in Table 1 ), different EEMs according to the four-tier framework (Fig.2) are added to the model for examination.  For the building envelope tier, wall, insulation and window are the key components for consideration for energy efficiency design.  For the building services tier, different types of HVAC system are examined to identify their impact on energy consumption, mainly two types of HVAC systems are investigated including direct-expansion (DX) and water chillers.  For the renewable energy tier, the use of solar heater and BIPV system is examined, the location of BIPV system is also mentioned during the process, 1kw mode PV system is selected to test the efficiency.  For the human behavior tier, the reduction of indoor air temperature and the use of energy efficient equipment are considered.
It should be noted that the options listed above are not exclusive. When one specific measure is added to the model, the reaction of the energy consumption of the model is recorded for further analysis. In total 22 EEMs are included in the simulation, with the irrelevant values for energy use and energy saving potential provided in Table 2 .
Table 2. EEMs Simulation Results Summary
For the BE tier, BE1, BE2, BE3, BE4 and BE5 are measures improving the wall insulation, the energy changes are quite similar except that low performance of interior insulation suggesting that different exterior insulation materials have little impact on the final results. BE6, BE7 and BE8 are measures improving the condition of windows, the results (BE6 at -0.0246GWh) are 2 to 3 times as the results of wall insulation measures (BE1 at -0.0084GWh). This result suggests that windows are the key component in BE for energy consumption reduction, because glass curtain walls are always preferred in office building design, so the selection of curtain wall material can be a key factor influencing the office building energy use. It is more effective to use double glazing or low-emissivity windows to reach the energy reduction goal than any other measures simulated in this model. The use of windows coating is also effective to keep the sun's heat out of the building, the original single glazing windows could not reduce the amount of infrared, visible light and ultraviolet radiation entering windows, so the HVAC system need more energy to adjust the heat gain from outside. For the BS tier, BS1 to BS6 are the measures changing the types of HVAC system. From the results of Table 2 , some HVAC systems (BS4, BS5 and BS6) are not energy efficient enough to use in office building and in hot and humid climate just like Hong Kong. The HVAC system adopted by an office building is very often determined by the grading (A, B & C). The VAV system is designed for Grade A office for better control of each air-conditioned zone as well as for better energy efficiency, so the performance of BS2 and BS3 are better than the systems set in the building model. The hot and humid fresh-air is usually introduced or pretreated through an air-handling unit (AHU) in order to reduce the latent-cooling load to the fan cooling system. It certainly has advantages over the traditional fan cooling system, but the performance in the simulation is not good enough to convince the use of AHU in office buildings (BS5 at 1.5595GWh). In all air-cooled VAV and VAT systems are suggested for office buildings to reduce energy consumption. The performance of LEDs lighting is quite impressive, actually the installation of LEDs achieves the highest because of the low electricity usage and long service life. A 50% energy saving reduction compares with traditional incandescent light although the purchase price of LED is nearly 25 times the price of incandescent light (Gee et al. 2004) .
For the RE tier, the material of PV panels are not critical to the energy change, the use of multi-crystalline silicon PV on roof (RE1 at -0.0039GWh) and amorphous silicon PV on roof (RE3 at -0.0038GWh) have almost the same energy saving potentials. The installation of PVs on the roof which is more effective than installation on facade is a good measure to reduce energy consumption from the electricity line, the combination of roof PVs and facade PVs can be the main body of BIPV system. The installation of PVs should be treated as an important complement to the traditional EEMs. More mutual technologies are needed for further application, such as high efficiency BIPV system.
For the HB tier, human behavior has a great impact on the final energy performance. HB1 (-0.1024GWh) is almost the same as BS2 (-0.1158GWh) which is the second highest for HVAC system. It is useless no matter how sophisticated the building is if the people living in the building do not know the right rule to use the building.
Of all the EEMs studied, those with satisfactory performance within their tiers are selected which yield. BE3, BE8, BS3, BS7 and RE1 are selected representing the best performance standard within their relevant tiers. The tier of HB is not included because it is the building itself mainly focuses in this study. For the baseline building, with all best measures applied to the model, the total energy use reduction is 0.432GWh annually, which is equivalent to nearly 15% of the total energy use of the original case. 15% is an acceptable value for energy reduction, it reaches the middle level of energy performance requirement for BEAM Plus which is the green building evaluation scheme in Hong Kong. Of this 15% energy reduction, about 50% comes to the improvement of LEDs lighting, 40% comes to the changing of HVAC services equipment, the improvement of insulation and windows together account for 10%, only about 1% is from the use of PV panels on the roof. It can be inferred that building envelope design and building services design are still the priority in design stage to improve the energy performance of office buildings in Hong Kong. For building services of office buildings, more efficient HVAC system is the best way to achieve a lower energy consumption standard. For building envelope of office buildings, curtain walls are important in determine the final envelope efficiency, some improvements such as heat rejection films are of great help in rejecting the heat from outside. Although LEDs lighting has a quite impressive influence on the reduction of energy use, the high costs make it not the first option for the designer. In contrast, the use of rejection film only accounts for another 10-15 percent more than regular window, which seems cost reasonable in controlling the energy demand.
CONCLUSIONS
This paper has developed a four-tier framework for identifying appropriate energy efficient measures (EEMs) and examined their potentials for energy savings for office buildings in Hong Kong. The four tiers covered in the framework are building envelope, building services, renewable energy and human behavior. The examination is carried out through building performance simulation using the eQUEST Software. The paper concludes that, building envelope and building services are the main areas to be addressed to reduce energy consumption of office buildings in Hong Kong. Adopting more efficient HVAC systems and improving of windows are recommended for achieving energy efficient office building design. The use of VAV and low-emissivity double glazing windows can be a great combination for office building energy reduction in hot and humid climates such as Hong Kong. Also, human behavior is observed to be critical to determine building energy use in the operation stage. However, impact of human behavior on energy use is not straightforward to estimate. The application of renewable energy systems is another
